Abstract A monthly water balance (WB) model was developed for the Yukon River Basin (YRB). The WB model was calibrated using mean monthly values of precipitation and temperature derived from the Precipitation-elevation Regression on Independent Slopes Model (PRISM) data set and by comparing estimated mean monthly runoff with runoff measured at Pilot Station, Alaska. The calibration procedure used the Shuffled Complex Evolution global search. Potential hydrologic effects of climate change were assessed for the YRB by imposing changes in precipitation and temperature derived from selected Inter-governmental Panel for Climate Change (IPCC) climate simulations. Scenarios from five general circulation model (GCM) simulations were used to provide a range of potential changes. Results from the scenarios indicate an increase in annual runoff in the twenty-first century for the YRB with simulated increases in precipitation having the greatest effect on increases in runoff. Simulated increases in temperature were found to alter the timing of snow accumulation and melt.
temperatures have increased at almost twice the rate of the global average during the past 100 years while corresponding changes in precipitation are highly variable both spatially and temporally and data are limited (IPCC 2007) .
Previous research suggests that the hydrologic effects of climate warming in the YRB include: an earlier and longer spring melt period (Nijssen et al. 2001; Manabe et al. 2004) ; glacier recession at lower elevations (Kaser et al. 2006 ) which may temporally increase runoff (Brugman et al. 1997) ; reduction in the duration of snow cover (Brown and Braaten 1998) ; and permafrost thawing which could result in an increase in runoff (Walvoord and Striegl 2007) and erosion (Hinzman et al. 2005) .
Increases in precipitation in the YRB likely will result in increases in runoff. However, an increase in runoff may be balanced by an increase in evaporation due to projected increases in temperature. There is some concern that an increase in summer evaporation over time may eventually lead to decreases in mean annual flows.
In this study, a mean monthly water balance (WB) model was developed for the YRB. Potential hydrologic effects of climate change in the YRB were assessed by imposing changes in precipitation and temperature derived from selected Intergovernmental Panel for Climate Change (IPCC) climate simulations.
The water balance model
The WB model (Fig. 2) uses an accounting procedure to compute the allocation of water among various components of the hydrologic system (McCabe and Ayers 1989; McCabe and Wolock 1999; Wolock and McCabe 1999; McCabe and Markstrom 2007) . The WB model includes the concepts of climatic water supply and demand, seasonality in climatic water supply and demand, snow accumulation and melt, and soil-moisture storage McCabe and Markstrom 2007) . Climate inputs to the model are monthly precipitation and potential evapotranspiration (PET).
PET is calculated from monthly temperature using the Hamon equation (Hamon 1961) . The Hamon PET equation has been evaluated and compared with a number of other models and is a reliable monthly PET model (Lu et al. 2005; Legates and McCabe 2005; Federer et al. 1996; Vorosmarty et al. 1998) . In a study of 5 PET models for use with global water balance models Federer et al. (1996) found that estimates of PET from the Hamon model agreed with estimates from other models across a wide range of climates. Vorosmarty et al. (1998) compared 11 different PET models for a wide range of climatic conditions across the conterminous US. They found that the Hamon model was comparable to more input-detailed models, such as the Shuttleworth-Wallace method, and concluded that the Hamon model produced satisfactory estimates of PET. They also stated that the Hamon model appeared to have an appropriate empirical response to the interaction of vegetation type and climate.
In the WB model, when precipitation for a month is less than potential evapotranspiration, actual evapotranspiration is equal to precipitation plus the amount of moisture that can be removed from the soil. The fraction of soil-moisture storage that can be removed decreases linearly with decreasing soil-moisture storage; that is, water becomes more difficult to remove from the soil as the soil becomes drier and less moisture is available for actual evapotranspiration. When precipitation exceeds potential evapotranspiration in a given month, actual evapotranspiration is equal to potential evapotranspiration; water in excess of potential evapotranspiration replenishes soil-moisture storage. When soil-moisture storage reaches capacity during a given month, the excess water becomes surplus. In a given month, 50% of the total surplus becomes runoff; the remaining surplus is carried over to the following month and added to the surplus total for the subsequent month (McCabe and Ayers 1989; Wolock and McCabe 1999) .
The WB model also accounts for the accumulation and melt of snow in cold regions. Snow that melts becomes available to recharge soil moisture storage and/or to become surplus and, ultimately, runoff. The snow model used in this study is based on concepts previously used in monthly water balance models (McCabe and Ayers 1989; Tarboton et al. 1991; McCabe and Wolock 1999; Wolock and McCabe 1999) . Inputs to the model are monthly temperature (T) and precipitation (P). The occurrence of snow is computed as:
where S is monthly snow fall in millimeters (mm), P is monthly precipitation in mm, T a is monthly air temperature in degrees Celsius ( • C), T rain is a threshold above which all monthly precipitation is rain, and T snow is a threshold below which all monthly precipitation is snow. When the monthly air temperature is between T rain and T snow , the proportion of precipitation that is snow or rain changes linearly.
In the snow accumulation and melt model, snow that occurs during the month is added to the snow pack and is subject to melt if conditions are such that melting can occur. Thus, for some cases, snow, rain, and snowmelt can occur in the same month.
Snowmelt is computed by a degree-day method:
where M is the amount of snow storage that can be melted in a month, and α is a melt rate coefficient, and d is the number of days in a month (Rango and Martinec 1995 ). The WB model described here has been used in numerous studies and provides reliable estimates of monthly runoff for locations across a range of climatic conditions (McCabe and Wolock 2008) . The WB model is useful to estimate both mean monthly and mean annual runoff, as well as time series of monthly and annual runoff. The WB model also has previously been used in studies of the hydrologic effects of climate change (McCabe and Ayers 1989; Wolock and McCabe 1999) .
Model input
Mean monthly temperature and precipitation for 1961-1990 on a 4 × 4 km grid were obtained from the Precipitation-elevation Regression on Independent Slopes Model (PRISM). PRISM uses point data, a digital elevation model (DEM), and other spatial data sets to generate estimates of monthly climatologies (Daly et al. 1994 ).
The WB model was calibrated using mean monthly values of precipitation and temperature inputs derived from the PRISM data set and by comparing the estimated mean monthly runoff with runoff measured for the Yukon River at Pilot Station, Alaska (USGS gage 15565447, see Fig. 1 ). Runoff data are available from the US Geological Survey's National Water Information System (http://waterdata. usgs.gov/nwis). (Duan et al. 1992 (Duan et al. , 1993 (Duan et al. , 1994 was chosen as the optimization algorithm. The SCE method has been used successfully in hydrology by a number of researchers (e.g. Yapo et al. 1996; Kuczera 1997; Hogue et al. 2000; Madsen 2003; Hay et al. 2006) . The SCE method selects a population of points distributed randomly throughout the parameter space. The population is partitioned into several complexes. Each of these complexes "evolves" using the downhill simplex algorithm. The population is periodically "shuffled" to form new complexes so that the information gained by the previous complexes is shared. The evolution and shuffling steps repeat until prescribed convergence criteria are satisfied. Further detailed explanation of the method is given in Duan et al. (1992 Duan et al. ( , 1993 Duan et al. ( , 1994 . Table 1 gives a description of the WB model parameters calibrated using SCE for this study. The WB model was calibrated using mean monthly PRISM precipitation and temperature inputs for the period 1960-1991. The WB model was run in an iterative manner until the model reached equilibrium. Mean monthly WB estimates of runoff were subsequently compared with measured mean monthly runoff from the Pilot Station gage. Figure 3 shows WB model inputs and some outputs. Figure 3a shows mean monthly-simulated runoff for the WB calibration (black line) compared to measured runoff from the Pilot Station gage (1976-1994) (gray shaded area). The WB model shows close agreement with measured data. The slight differences can be attributed to model and data errors and in part to differences in the periods of record used to compute mean monthly runoff. The PRISM mean monthly data were for , whereas the Pilot Station record spans the period 1976-1994. Figure 3b and c show mean monthly PRISM temperature and precipitation values used with the WB model. The shaded area in Fig. 3c shows raw mean monthly PRISM precipitation averaged for the YRB, and the black line indicates mean monthly-adjusted PRISM precipitation (determined through calibration) that was used with the WB model. Figure 3d shows the estimated percent of the YRB covered by snow (gray shaded Table 2 for GCM abbreviation information area) and the estimated fraction of precipitation that falls as snow (black line) on a mean-monthly basis for the period 1960-1991.
GCM scenarios and methodology
Monthly precipitation and temperature output from five general circulation models (GCMs) were processed for the YRB. Table 2 lists the GCMs chosen for this study. Figure 4 shows the grid cell resolution with respect to the Yukon River basin.
The GCM output were obtained from the World Climate Research Programme's (WCRP's) Coupled Model Intercomparison Project phase 3 (CMIP3) multi-model dataset archive, which was referenced in the IPCC Fourth Assessment Special Report on Emission Scenarios (SRES) (IPCC 2007) . Given the uncertainty in climate modeling, it is desirable to use more than one GCM in order to obtain a range of potential future climatic conditions. Three scenarios from each of the GCMs were used: (1) 20C3M-represents the IPCC SRES climate of the twentieth century; (2) A2-represents future climate using the IPCC SRES-a2 scenario. The A2 scenario describes a very heterogeneous world with high population growth and slow economic growth (Ruosteenoja et al. 2003) ; and (3) B1-represents future climate for the IPCC SRES-b1 scenario. The B1 scenario describes a convergent world with Table 2 for GCM abbreviation information low population growth and rapid changes in economic structure (Ruosteenoja et al. 2003) .
The approach used in this analysis was to examine changes in mean monthly hydrologic conditions (e.g. snow pack, snow melt, and runoff) for simulations of future climatic conditions. Weather is chaotic, and GCMs are not able to accurately predict the weather. The strength of the GCMs is their ability to predict changes in long term climate (Le Treut et al. 2007 ). Thus, mean monthly climatic conditions for 30-year periods were used as inputs to the WB model. Explicitly, estimates of future climatic conditions for 30-year moving periods were used as inputs to the model.
Climate change fields for the YRB were derived by calculating the change in climate from present to future conditions simulated by each GCM. The 20C3M simulation for was used to represent current climatic conditions. Climate change (change from ) fields (percentage changes in precipitation and degree changes in temperature) were computed for 30-year moving average periods using the A2 and B1 scenarios. This "delta change" approach to statistical downscaling of GCMs for hydrologic modeling (Hay et al. 2000) is one of the simpler statistical downscaling techniques. Fowler et al. (2007) noted that if reproducing the mean characteristics are the main objectives, then simple statistical downscaling methods can perform as well as the more sophisticated approaches. . In each plot the shaded area indicates the range of uncertainty in the estimated changes in precipitation produced by the GCMs. Generally, the GCM scenarios indicate increased precipitation for the YRB during the twenty-first century. There are a few exceptions, mainly in the spring months and early winter. The uncertainty in the estimates can vary by as much as 50%. Table 2 for GCM abbreviation information 
Results and discussion
The calibrated WB model was run with PRISM inputs modified by the climate change fields derived from the GCMs for 30-year moving periods starting in 2005 and ending in 2099. . All scenarios indicate the largest increases in runoff for the months of May through July. There also is an apparent increase in runoff estimated for the month of September for many of the GCMs. The increases in runoff for these months is due to a number of factors that include increased precipitation and increased temperature that results in both , 30-year mean (2045-2075) . Line colors match the color of the GCM model name. See Table 2 for GCM abbreviation information an earlier increase in snow melt (e.g. notice the increase in May snow melt), and an increase in the fraction of precipitation that occurs as rain rather than as snow (see the discussion of Fig. 9 below) .
The effects of changes in precipitation on changes in runoff are clearly apparent when time series of annual changes are examined. Times series of percent changes in annual runoff and annual precipitation for 30-year moving periods (Fig. 8) essentially show a direct correspondence, indicating that most of the changes in runoff are driven by changes in precipitation. The comparatively small effect of increases in temperature on runoff is due largely to the below freezing temperatures of the YRB (Fig. 1b) . The GCM simulated increases in temperature warm the YRB; however, mean monthly temperatures remain very cold, mostly below freezing for most months of the year.
One apparent effect of increased temperature on runoff is through the effect on the fraction of precipitation that occurs as snow. Estimated ratios of snow to total precipitation (Fig. 9) indicate a decrease in the fraction of precipitation that is snow during the spring and late summer/early fall. During these transition periods a larger fraction of the precipitation falls as rain compared to current climatic conditions. The increase in fraction of precipitation that occurs as rain during these months, rather than as snow (that adds to the snow pack), contributes to increased runoff (see Fig. 7 ) during these periods. Table 2 for GCM abbreviation information Increased temperatures also can effect runoff through changes in snow melt and snow accumulation. Model estimates suggest that increases in temperature during the next century will cause snow melt to begin earlier in the spring and snow accumulation to start later in the summer. These changes are evidenced by estimated decreases in snow cover in the late spring and late summer (not shown). The estimated changes in snow melt and accumulation contribute to the temporal shift of runoff, particularly to increased snow melt runoff earlier in the spring.
To examine the effects of future temperature changes alone on runoff in the YRB, the WB model was run incorporating GCM temperature changes only. Figure 10 shows the simulated runoff by month for current conditions (shaded area), GCM precipitation and temperature changes (solid lines), and GCM temperature changes only (dashed lines). Figure 11 shows the corresponding changes in snowmelt by month using GCM precipitation and temperature changes (solid lines) and GCM temperature changes only (dashed lines). The scenarios with temperature changes only indicate decreases in snowmelt runoff for June and increases in May. This pattern of changes indicates a shift to earlier snowmelt. In contrast, the scenarios that include changes in temperature and precipitation indicate larger increases in snowmelt in May than do the temperature-only scenarios, and smaller decreases (and even some increases) in June snowmelt. The larger increases in snowmelt for the scenarios with changes in both temperature and precipitation occur because the Table 2 for GCM abbreviation information precipitation scenarios generally indicate increases in precipitation which results in larger snow packs to melt. Although increases in temperature have a small effect on changes in the magnitude of annual runoff (Fig. 10) , increases in temperature have an effect on the temporal distribution of runoff through effects on snow occurrence, snow accumulation, and snow melt.
Conclusions
Scenarios from five GCM simulations were used to provide climate change fields that were incorporated into a monthly WB model in the YRB. Results from this study indicate an increase in annual runoff over the twenty-first century for the YRB with increases in precipitation having the greatest effect on increases in runoff. Increases in temperature were found to alter the timing of snow accumulation and melt. A daily hydrologic model developed for diverse areas within the YRB would be a valuable tool to examine the effects of climate change in the YRB in more detail.
